1. Deep-sea marine protected areas (MPAs) present particular challenges for management. Their remote location means there is limited knowledge of species and habitat distribution, and rates and scales of change. Yet, evaluating the attainment of conservation objectives and managing the impact of human activities both require a quantitative understanding of natural variability in species composition/abundance and habitat conditions. 2. Ocean Networks Canada (ONC) and Fisheries and Oceans Canada are collaborating in the development of remote monitoring tools for the Endeavour Hydrothermal Vents MPA in the north-east Pacific. This 98.5 km 2 MPA, located 250 km offshore Vancouver Island, encompasses five major fields of hydrothermal vents, at depths of 2200-2400 m. A real-time cabled observatory was installed at the Endeavour site in 2010. 3. Scientific research for the conservation, protection and understanding of the area is permitted within the MPA and is the primary activity impacting the area. Research activities require the use of submersibles for sampling, surveying and observatory infrastructure maintenance. Data and imagery from remotely operated vehicle dives and fixed subsea observatory sensors are archived in real time using ONC's Oceans 2.0 software system, enabling evaluation of the spatial footprint of research activity in the MPA and the baseline level of natural ecosystem change. 4. Recent examples of database queries that support MPA management include: (1) using ESRI ArcGIS spatial analysis tools to create kernel density 'heat maps' to quantify the intensity of sampling and survey activity within the MPA; and (2) quantifying highfrequency variability in vent fauna and habitat using sensor and fixed camera data. 5. Collaboration between researchers and MPA managers can help mitigate the logistical challenges of monitoring remote MPAs. Recognition at the policy level of the importance of such partnerships could facilitate the extension of scientific missions to support more formal monitoring programmes.
| INTRODUCTION
Marine protected areas (MPAs) have become a central pillar of marine conservation strategies worldwide, within and beyond areas of national jurisdiction. As MPAs increase in number and extent, the ability of responsible agencies to effectively monitor and manage them is being examined by conservation researchers (e.g. Abecasis et al., 2015) , and pilot efforts such as the International Union for Offshore and deep-sea MPAs present particular challenges for effective management and the evaluation of progress towards conservation objectives. Their remoteness and the related cost of sampling and survey expeditions together limit access for the research and monitoring activities (Copley et al., 1999) that are needed to build site-specific knowledge. Effective MPA management requires knowledge of species and habitat distributions, and rates and scales of environmental and biological change (Júnior, Ladle, Correia, & Batista, 2016) . This need is particularly accentuated in the case of protected deep-sea hydrothermal vent habitats, often cited as one of most dynamic deep-sea environments known. Hydrothermal vents are found in geological settings that support seafloor volcanism and related hydrothermal circulation, including mid-ocean ridges, volcanic arcs, intra-plate volcanoes and back-arc basins (Van Dover et al., 2018) . The chemosynthesis-based ecosystems found at active hydrothermal sites have a high scientific value because of the evolutionary novelty of their specialized faunas and the very high but still unquantified diversity of vent microbial communities. Natural habitat instability and rapid ecosystem change are often cited as general features of deep-sea hydrothermal vents worldwide (Van Dover et al., 2018) , although a recent study (Du Preez & Fisher, 2018) suggests that stability may vary with geological setting.
Globally, hydrothermal vent sites are protected under a number of different legal frameworks (Table S1 ). Two areas of deep-sea vents presently have MPA status. Canada's Endeavour Hydrothermal The EHV MPA was established in 2003 under Canada's Oceans Act (SOR/2003 to protect the spectacular hydrothermal vent fields (Kelley et al., 2012) and their specialized vent fauna, and to encourage scientific research that contributes to the '… conservation, protection and understanding of the natural diversity, productivity and dynamism of the ecosystem' (Fisheries and Oceans Canada [DFO] , 2009). The 98.5 km 2 MPA is located 250 km offshore Vancouver Island and encompasses five major fields of hydrothermal vents, at depths of 2200-2400 m (Figure 1) . It has been a focus for research activity since sulphides and tubeworms were found in dredge samples in 1982 (Tivey & Delaney, 1986) . Scientific research for the conservation, protection and understanding of the area is permitted within the boundaries of the EHV MPA, which extends from the sea floor to the sea surface. Pelagic fishing and activities for the sovereignty and protection of Canada are also permitted. Research activity is both the only source of disturbance and the only source of monitoring information for the sea bed and deep-water-column portions of the EHV MPA, and this tends to be the case for hydrothermal vents worldwide (Glowka, 2003; Van Dover, 2014) . Hydrothermal vent research usually involves the use of scientific submersibles, mostly remotely-operated vehicles (ROVs), for sampling, surveying and observatory infrastructure maintenance. There are often several ROV expeditions per year to some of the intensively studied sites, including the Endeavour vent fields. Incidental observations of faunal community changes at sites frequently visited by researchers (e.g. Tunnicliffe, 1990) led to the adoption of a voluntary code of conduct for research activity at hydrothermal vents by the international organization InterRidge (InterRidge, 2006) .
The EHV MPA management plan does not explicitly address the challenge of distinguishing natural change from human-induced change, although it does acknowledge the need to ensure that impacts from research activities 'remain less significant than natural perturbations' (Fisheries and Oceans Canada [DFO], 2009 ). Within the longlived vent fields of the EHV MPA, research has shown that there can be significant, annual to intradecadal natural changes in habitat physico-chemical properties and vent faunal composition at spatial scales of individual vents and sulphide edifices (Sarrazin, Robigou, Juniper, & Delaney, 1997) . At broader scales, there is accumulating evidence of longer term vent-field-scale shifts in hydrothermal discharge within the EHV MPA that can profoundly influence habitat availability and habitat quality for vent organisms (Kelley et al., 2012; Lilley, Butterfield, Lupton, & Olson, 2003 Matabos et al., 2014) , which in turn should enable the identification of perturbations resulting from human activities . Continuous observing systems, especially cameras, are particularly well suited to building baseline knowledge of small-scale variations in key ecosystem components and how these relate to natural habitat change. There are several examples of this type of research from the EHV MPA (Cuvelier, Legendre, Laës-Huon, Sarradin, & Sarrazin, 2017; Cuvelier, Legendre, Laës-Huon, & Sarrazin, 2014; Lelièvre et al., 2017) . In addition to data from the fixed observing systems, annual maintenance of observatory technology by ONC brings ROVs to the EHV MPA, providing opportunities to survey larger areas. All observatory sensor data and ROV expedition video and navigation records from the EHV MPA are archived and made publicly available by ONC. The combined data archive therefore has the potential to support adaptation of the EHV MPA management plan and conservation objectives to a growing understanding of natural rates and scales of environmental and ecosystem change, and the spatial distribution of research activity. This paper examines how this potential is being realized, using some of the concepts developed to support adaptive management and monitoring of the Great Barrier Reef World Heritage Area (Hedge et al., 2013 . In particular, this paper reviews progress in the definition of monitoring goals and operational objectives, the identification of indicators, the management and analysis of monitoring data, and the reporting of findings relevant to management needs.
| CURRENT MANAGEMENT AND RESEARCH ACTIVITIES

| MPA management
The EHV MPA was established under Canada's Oceans Act (SOR/ 2003-87) . There are five management areas, centred on the known vent fields. Extractive activities are limited to two areas, whereas the remaining vent areas are identified for 'observation only', allowing long-term observation studies to continue (Banoub, 2010) .
Researchers must submit proposed research plans to the MPA manager, who seeks the advice of the Technical Advisory Committee, comprising members from government agencies, academia and FIGURE 1 Boundaries and individual hydrothermal vent fields for the Endeavour Hydrothermal Vents Marine Protected Area. Inset shows location in north-east Pacific Ocean environmental groups. The committee evaluates proposed research and advises as to the acceptability of potential impacts. The review framework includes a decision tree to identify situations where disturbance, damage, destruction and removal may be approved under the regulations, as well as situations where they would not be acceptable (Davies, O, & Boutillier, 2011) .
MPA regulations do not restrict research activities to the management areas, nor do the regulations restrict the type of research activities that can take place within the MPA (Davies et al., 2011) .
However, researchers must comply with the provisions of the Oceans Act and with other applicable federal legislation such as the Fisheries Act (which licenses species collection of samples). Using these legislative tools, MPA managers may limit the location and species sampling that occurs and ensure reporting that contributes to the understanding of the area is submitted. (Cuvelier et al., 2014; Lee, Robert, Matabos, Bates, & Juniper, 2015) . Three monitoring systems on Grotto provide data on chemical properties of the vent environment.
| Expanded real-time observing system (2017-2019)
A near-tripling of ONC's observing system at the EHV is currently underway and will be completed by 2019. This expansion will permit the simultaneous monitoring of three separate hydrothermal vent fields (Mothra, Main Endeavour, High Rise; Figure 1 ). Notable new sensors will include additional cameras and instruments to analyse hydrothermal fluid chemistry in situ and the completion of a shortperiod seismometer network that will precisely locate seismic events in the hydrothermal upflow zone below the sea floor and support study of their links to vent fluid discharge. Extending the observing system to the Mothra and High Rise vent fields will provide biologists with new settings to test ideas about the coupling of vent communities to habitat dynamics. These ideas, some formalized as conceptual models, were developed from observations at a single location in the Main Endeavour field. 
| ROV activities and sampling
| EHV MPA RISK-BASED APPROACH
A systematic, science-based ecological risk assessment framework (ERAF; O et al., 2015) was developed to support DFO's implementation of adaptive ecosystem-based management in Canada's Pacific Region MPAs. The ERAF provides a structured approach to assess the potential risk of harm to significant ecosystem components (SECs) from anthropogenic activities and their associated stressors. This 'top-down' risk-based approach to ecosystem assessment and management was particularly relevant to the EHV MPA, where SECs had yet to be identified, baselines did not exist and the impact from human activities was relatively unknown. The output of an ERAF application is a key information tool for focusing management priorities, selecting and prioritizing indicators for monitoring, and refining conservation objectives.
The ERAF was applied to the EHV MPA in 2015 (Thornborough et al., 2018) , in two phases: scoping and risk assessment. The scoping phase identified SECs and anthropogenic stressors with the potential to impact the EHV MPA ecosystem. The semi-quantitative risk assessment calculated the likelihood that a SEC will experience adverse consequences due to exposure to one or more identified stressors.
In this context, a SEC is defined as an environmental element that has ecological importance to the ecosystem (O et al., 2015) . SECs include components that are unique, sensitive, ecologically significant, play specialized or keystone roles in the food web, support critical life stages, and so on. Six species SECs (primarily sessile/low mobility and vent dependent), four abiotic habitat SECs and one community SEC (found only in one area of the EHV MPA) were identified (Table 1) .
Activities identified as having a potential negative impact on the EHV MPA include those associated with transiting and visiting vessels, (Thornborough et al., 2018) . The abiotic habitats had the lowest cumulative risk scores, as a result of their being impacted by less than half the number of stressors as the species and community SECs. The stressors with the highest cumulative scores were debris from vessel discharge, substrate disturbance (crushing) from sampling and submersibles, and aquatic invasive species from submersibles (Thornborough et al., 2018) . The highest risk scores were found to be associated with the highest uncertainty, identifying key knowledge gaps.
The outputs of the risk assessment were used to select scientifically defensible indicators to monitor the achievement of MPA conservation objectives. A risk-based indicator selection framework was developed and subsequently applied to the EHV MPA (Thornborough, Dunham, & O, 2016) . Using this framework, all SECs, stressors and SEC-stressor interactions were prioritized based on their risk and uncertainty scores. Uncertainty was included in the prioritization process to highlight key knowledge gaps. Indicators were identified from the primary literature and filtered based on selection criteria.
Indicators were selected for all SECs and stressors, and for high-and moderate-risk SEC-stressor interactions.
Several recommendations emerged from the risk-based indicator selection process:
1. Establish baselines using low impact methods.
Develop a suite of indicators for SECs, stressors and SEC-stressor
interactions for a complete monitoring programme. MPA has yet to be implemented. 2. Target species (e.g. corals, sponges, and annelids).
| POTENTIAL DISTURBANCE RESULTING FROM RESEARCH ACTIVITIES
| Other mapping
3. Distribution of habitat for target species (e.g. vent species).
Since observations such as the above can be redundant in continuous video records and were made secondarily to other dive objectives, they cannot be considered to provide a quantitative representation of the distribution of these three categories. Density mapping was therefore To better understand the sources and distribution of anthropogenic debris, observations were mapped by debris type (Figure 9 ). Because most field experiments involve artificially disturbing organisms and habitats, it is recommended that experimental manipulations be limited to those that directly address questions that are relevant to the management of the MPA, and that such experiments be conducted at more than one location, preferably in two or more vent fields, to validate the application of results to the entire MPA. The current scientific advisory structure for the MPA could contribute to evaluating proposed experiments and identifying questions that could be addressed by field experiments. These types of experiments would make optimal use of the capability of the observatory infrastructure at Endeavour to continuously monitor experimental conditions. Many could be deployed within the field of view of observatory cameras, and tracked visually as well as with sensors. Manipulative experiments would need to be managed to avoid interference with other observations. The mapping of vessel and research debris provides an example of how a geospatial database can inform an adaptive management framework. The original risk assessment for the EHV MPA found debris from vessels to be relatively high risk, driven by a precautionary scoring approach (debris could impact anywhere in the MPA and could be any object), which resulted in a high uncertainty score. However, the geospatial database showed mapped incidences of debris to be low and mostly originating from research activities (e.g. iron ballast from HOVs), rather than surface vessels. This information will be used in future iterations of risk assessments at the EHV MPA, and it is expected to reduce uncertainty and risk scores and create a new stressor for assessment: debris associated with research activities. In turn, monitoring priorities and indicators will likely change. The methods used to build the geospatial database are scalable and applicable to other areas and can handle integration of third-party data. Hedge et al. (2013 Hedge et al. ( , 2017 The EHV MPA conservation and management objectives are broad. Work has begun on using a stressor-based approach to define specific operational objectives (Thornborough et al., 2016 (Thornborough et al., , 2018 In addition to the stated prerequisites for developing a monitoring framework, Hedge et al. (2013 Hedge et al. ( , 2017 outline the essential functions of protected area monitoring programmes. Progress towards each of these functions, for the EHV MPA, is outlined in The addition of these data combined with the expansion of the ONC observatory (to be completed by 2019) could form the basis of a formal monitoring programme at the EHV MPA.
| Research output
There are many challenges associated with monitoring and management of remote MPAs, including lack of resources, scientific uncertainty and less than unanimous political support for protected areas globally Hedge et al., 2017) . Looking forward, collaborative relationships between policy-makers, managers, scientists and data archives will be crucial. Abecasis et al. (2015) concluded an evaluation of the Azores MPA with calls for the development (and implementation) of a management plan, and partnering with the research community to enable MPA monitoring to provide a sound scientific basis for adaptive management. The example from the EHV MPA illustrates how such collaborations can inform ecosystem-based spatial management (Douglas et al., 2017; Katsanevakis et al., 2011) , provided that management can adapt to data provided as a secondary product of research activities. In the case of the EHV MPA, information currently in the geospatial database is better suited to quantifying potential stressors than for tracking the dynamics of SECs. Highfrequency observations from fixed observatory cameras and sensors do provide information on small-scale ecosystem dynamics, but these need to be validated at broader scales to be of use to management.
The 'price of entry' video surveys proposed here represent one example of how currently informal science user-MPA manager collaborations could be extended to progress towards this goal. In the case of research-only MPAs, ecosystem component and stressor monitoring are not the only sources of information required by managers. This paper provides an example of how bibliometric tools can be used for monitoring the scientific impact of MPA usage. At some point, Progress achieved towards the essential functions of a monitoring programme for the Endeavour Hydrothermal Vent Marine Protected Area (EHV MPA) outlined by Hedge et al. (2013 Hedge et al. ( , 2017 
Essential function Status
Clearly define the purpose of the monitoring programme and monitoring objectives High-level conservation and management objectives exist for the EHV MPA. See Discussion.
Compile and analyse relevant information on existing monitoring programmes A review of current and past monitoring activities within the EHV MPA is complete (e.g. Davies et al., 2011; Fisheries and Oceans Canada [DFO] , 2009). The risk assessment also assessed monitoring activities and incorporated the relevant information into the scoring process. Available data were documented in a literature review and bibliography to accompany the geospatial database, and historical data are being incorporated into the database.
Develop conceptual models
The risk-based approach is the equivalent of developing conceptual models in Hedge et al. (2013 Hedge et al. ( , 2017 . The risk-based approach identified the SECs, the activities and associated stressors impacting them, and the linkages between them. Pathways of effects models were developed to map the effect of anthropogenic activities on the ecosystem. The temporal and spatial scale of SECs and stressors have been defined, and potential consequences and impacts on SEC recovery assessed. Key knowledge gaps have been identified.
Develop overall sampling design for monitoring Suites of risk-based indicators were developed from the outputs of the risk assessment, and prioritized based on risk and uncertainty scores. Indicators relevant to the geospatial database (e.g. those requiring visual surveys) have been incorporated into monitoring activities, and include sampling design for monitoring. Not all indicators identified in the risk-based indicator selection process are currently being monitored. The development of refined operational conservation objectives will help to further prioritize these indicators suites for monitoring.
Develop monitoring protocols
Monitoring protocols have been developed for a number of indicators currently being monitored, particularly those related to the geospatial database.
Manage data
A formal data management plan has not been developed. However, the collaborative relationship between DFO and Ocean Networks Canada (ONC) will be key to the success of this programme. ONC has comprehensive data management and storage frameworks that will support the development of a data management plan for DFO's EHV MPA monitoring programme.
Analyse data Some analysis has begun based on ONC's geospatial database. However, a data analysis plan has not been developed.
Report and communicate A formal framework for reporting and communicating the outcomes of the monitoring programme has not been developed.
Review and audit
A 5-year review cycle for the EHV MPA management plan has been recommended. Although regular auditing of the MPA exists to ensure that activities comply with management and regulatory frameworks, a framework outlining the reviewing and auditing process for the EHV MPA environmental monitoring programme, and how this feeds into an adaptive management framework, remains a work in progress. management requirements for monitoring will likely exceed what can be provided by 'best effort' contributions from MPA research users or bibliometrics. Recognition at the policy level of the importance of such partnerships could facilitate the extension of scientific missions to support more formal monitoring programmes.
